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Abstrat
We analyse ℓWν prodution at ILC, paying speial attention to the role of the
nal lepton avour and beam polarisation in the searh for a new heavy neutrino
N . We show that a sizeable oupling to the eletron VeN ∼ 10−2 is neessary to
have an observable signal in any of the hannels, despite the fat that the signal
may be more visible in muon or tau nal states. The non-observation of a heavy
neutrino at ILC will improve the present upper bound on its mixing with the
eletron by more than one order of magnitude, VeN ≤ 0.007 for mN between 200
and 400 GeV.
1 Introdution
A 500 GeV e+e− International Linear Collider (ILC) oers a lean environment for the
study of physis beyond the Standard Model (SM) at a sale of few hundreds of GeV.
Its potential is not limited to the study of low energy supersymmetry and preision top
quark physis [1℄. On the ontrary, suh a mahine is a helpful tool for the investigation
of less onventional models, and it might even reveal unexpeted new physis.
1
In this last ategory might be lassied the possible existene of heavy neutrinos
with masses of few hundreds of GeV. They are absent in the simplest SM extensions,
as long as they do not provide a light neutrino mass generation mehanism,
1
nor an
explanation of the observed baryon to photon ratio of the universe,
2 ηB = 6.5×10−10 [6℄.
However, they appear in Grand Unied Theories, in partiular those based on SO(10)
and larger groups like E6 [7℄, and they may aquire masses muh smaller than the
uniation mass sale [8℄. Kaluza-Klein towers of neutrinos are also predited by models
with large extra dimensions and bulk fermions [9℄, being possible to have the lightest
heavy modes near the eletroweak sale [10℄. Their presene is not experimentally
exluded and, if they exist and their mixing with the eletron is O(10−2), they will be
produed at ILC. Conversely, if they are not observed, present bounds on their mixing
with the eletron will be improved by one order of magnitude.
In e+e− annihilation the most favourable proess for the observation of heavy neu-
trino singlets N is e+e− → Nν → ℓWν. We will refer to it as ℓWν prodution from
now on. This proess has been studied by dierent authors [1114℄. Here we review
previous work inluding the SM bakground as well as the eets of initial state radi-
ation (ISR) and beamstrahlung, whih have a great impat in the observability of the
heavy neutrino, e.g. for mN = 300 GeV they redue the signal to bakground ratio
by more than a fator of two. In addition, we examine the role of avour and beam
polarisation in the searh of heavy neutrinos. As we will show in this Letter, an eNW
oupling O(10−2) is neessary to produe a heavy neutrino at a detetable level in any
of the hannels. In this situation, the use of beam polarisations Pe− = −0.8, Pe+ = 0.6
improves the statistial signiane of the signal, whih may be more visible in nal
states with ℓ = µ, τ . In ase that N does not ouple to the eletron, the opposite
polarisations Pe− = 0.8, Pe+ = −0.6 an be used to enhane the signal and redue the
bakground. However, they do not sue to make the signal observable unless very
large integrated luminosities are olleted. The Dira or Majorana harater of N has
a negligible eet on its prodution ross setion and hene does not inuene the ILC
1
In priniple they an give see-saw type ontributions to light neutrino masses [2℄, but these
ontributions of the order V 2
eN
mN ∼ 107 eV would be too large ompared to the typial neutrino
mass size mν ∼ 1 eV. This means that some symmetry or aidental anellation is required to
reprodue the observed neutrino masses [3℄.
2
Neutrino singlets with large Majorana masses an produe an exess of lepton number L whih an
be onverted into the observed baryon asymmetry through B+L violating sphaleron interations [4℄.
Nevertheless, the heavy neutrinos whih may generate a lepton asymmetry large enough have a small
mixing with the light fermions, typially of order
√
m˜ν/mN . 10
−8
, with m˜ν the eetive light
neutrino mass relevant to the proess [5℄, being then their prodution rates negligible.
2
disovery potential for a non-deoupled heavy neutrino. Thus, we restrit ourselves to
the ase of a Majorana neutrino.
In the following we x the notation and review present limits on heavy neutrino
masses and mixings, speifying also the SM extensions we will onsider. Then we dis-
uss in turn the main ontributions to the signal, emphasising the phenomenologial
impliations of the nal lepton avour and beam polarisation. After desribing the
event generation, we obtain the heavy neutrino disovery limits at ILC. In the on-
lusions we summarise our results and omment on the expeted reah of other future
experiments.
2 Heavy neutrino mixing with the light leptons
Let us rst review some well-known results [15℄ to make expliit our hipotheses and
notation. We assume that besides the three weak isospin T3 = 1/2 elds ν
′
iL there are
three neutrino singlets N ′Ri, i = 1, 2, 3. The neutrino mass term is
LM = −1
2
(
ν¯ ′L N¯
′
L
)( ML v√2Y
v√
2
Y T MR
) (
ν ′R
N ′R
)
, (1)
where ν ′iR ≡ (ν ′iL)c, N ′iL ≡ (N ′iR)c and Y , ML, MR are 3× 3 matries. The 6× 6 mass
matrixM an be diagonalised by a unitary matrix, U †MU∗ =Mdiag, with the mass
eigenstates ν,N related to the weak interation eigenstates ν ′, N ′ by(
ν ′L
N ′L
)
= U
(
νL
NL
)
,
(
ν ′R
N ′R
)
= U∗
(
νR
NR
)
. (2)
The harged lepton mass matrix an be assumed diagonal without loss of generality.
The 6× 6 matrix U an be written as
U =
(
V (ν) V (N)
V
′(ν) V
′(N)
)
, (3)
with V (ν) (V
′(N)
) desribing the mixing between the light (heavy) neutrinos and V (N),
V
′(ν)
parameterising the light-heavy neutrino mixing. With this ordering the extended
Maki-Nakagawa-Sakata (MNS) matrix [16℄ V = (V (ν) V (N)) parameterises the harged
3
and neutral urrent gauge interations,
LWCC = −
g√
2
l¯Lγ
µ V
(
νL
NL
)
W−µ +H.c. , (4)
LZNC = −
g
2 cos θW
(
ν¯L N¯L
)
γµ X
(
νL
NL
)
Zµ , (5)
where X = V †V . For V (N) = 0 the matrix V (ν) is the usual 3×3 unitary MNS matrix.
The most stringent onstraints on neutrino mixing result from tree-level ontribu-
tions to proesses involving neutrinos as external states like π → ℓν¯ and Z → νν¯, and
from new one-loop ontributions to proesses with only external harged leptons like
µ→ eγ and Z → ℓℓ¯′ [1723℄. These proesses onstrain the quantities
Ωℓℓ′ ≡ δℓℓ′ −
3∑
i=1
VℓνiV
∗
ℓ′νi
=
3∑
i=1
VℓNiV
∗
ℓ′Ni
, (6)
beause in the former ase we must sum over the external light neutrinos (whih are
not distinguished) and in the latter the sum is over loop ontributions. The rst type
of proesses in partiular tests universality. A global t to experimental data gives [21℄
Ωee ≤ 0.0054 , Ωµµ ≤ 0.0096 , Ωττ ≤ 0.016 (7)
with a 90% ondene level (CL). These limits do not depend on the heavy neutrino
masses and are model-independent to a large extent. They imply that heavy neutrino
mixing with the known harged leptons is very small,
∑
i |VℓNi|2 ≤ 0.0054, 0.0096, 0.016
for ℓ = e, µ, τ , respetively. The bound on Ωee also guarantees that neutrinoless double
beta deay is within experimental limits for the range of heavy neutrino masses we are
interested in (larger than 100 GeV) [24℄.
The seond type of proesses, involving avour-hanging neutral urrents (FCNC),
get new ontributions only at the one loop level when the SM is extended only with
neutrino singlets, as in our ase. These ontributions, and hene the bounds, depend
on the heavy neutrino masses. In the limit mNi ≫ MW , they imply [22℄
|Ωeµ| ≤ 0.0001 , |Ωeτ | ≤ 0.01 , |Ωµτ | ≤ 0.01 . (8)
Exept in the ase of the rst two families, for whih experimental onstraints on
lepton avour violation are rather stringent, these limits are of a similar size as for the
diagonal elements. An important dierene, however, is that (partial) anellations
4
may operate among heavy neutrino ontributions. There an be anellations with
other new physis ontributions as well. In this work we are interested in determining
the ILC disovery potential and the limits on neutrino masses and mixings whih ould
be eventually established. Then, we must allow for the largest possible neutrino mixing
and FCNC, although they require anellations or ne-tuning. Let us examine in more
detail the rst bound, whih is obtained from present limits on the eµγ and eµZ
verties. The dominant terms involving heavy neutrinos are proportional to [22℄
3∑
i=1
VeNiV
∗
µNi
φ(m2Ni/M
2
W ) ,
3∑
i,j=1
VeNiXNiNjV
∗
µNj
mNimNjf(mNi, mNj ) , (9)
respetively, where
φ(x) =
x (1− 6x+ 3x2 + 2x3 − 6x2 log x)
2 (1− x)4 , (10)
f(x, y) =
x y log x2/y2
x2 − y2 . (11)
Then, in priniple it is possible to nd non-vanishing values of the mixing angles VeNi ,
VµNi so that the two sums are anelled. We an distinguish two ases. In the avour
onserving ase eah heavy neutrino only mixes with one family and both terms are
zero beause VeNiV
∗
µNi
= 0 for any i and XNiNj is proportional to δij. In this ase
VℓNℓ an saturate Eq. (7). If there is avour violation and the lightest heavy neutrino
mixes with the eletron and other harged lepton, a mixing large enough to have
an observable signal at ILC requires some ne-tuning to anel the two terms. For
instane, if we assume as in Setion 5 that mN1 = 300 GeV and VeN1 = 0.052, VµN1 =
0.069, VτN1 = 0.126, we an saturate Eq. (7) and make both sums in Eqs. (9) negligible
taking VeN2 = −0.052, VeN3 = 0.004, VµN2 = 0.062, VµN3 = 0.031, VτN2 = VτN3 = 0, for
mN2 = 500 GeV, mN3 = 6 TeV.
Sine in general the mixing between harged leptons and heavy neutrinos is very
small, the matrix V (ν) (whih orresponds to the rst three olumns of V ) is approx-
imately unitary, up to order V 2ℓNi . Moreover, for the proess under onsideration the
light neutrino masses an be negleted. Therefore, we an assume in the following
V (ν) ≃ 1 3×3 in Eq. (4), and Xνℓνℓ′ ≃ δℓℓ′, XνℓNi ≃ VℓNi in Eq. (5).
For the alulation of the ℓWν ross setion inluding heavy neutrino ontributions
5
the total width ΓN is needed. The partial widths for N weak deays are
Γ(N →W+ℓ−) = Γ(N → W−ℓ+)
=
g2
64π
|VℓN |2 m
3
N
M2W
(
1− M
2
W
m2N
)(
1 +
M2W
m2N
− 2M
4
W
m4N
)
,
Γ(N → Zνℓ) = g
2
64π cos2 θW
|VℓN |2m
3
N
M2Z
(
1− M
2
Z
m2N
)(
1 +
M2Z
m2N
− 2M
4
Z
m4N
)
. (12)
We ignore the deays N → Hνℓ, whih may take plae if mH < mN [13,25℄. Inluding
these deays in ΓN slightly dereases theWℓ branhing ratios and hene the nal signal
ross setions, whih must be multiplied by a fator ranging from 3/4 (for mH ≪ mN )
to 1 (for mH ≥ mN ). Independently of the values of the ouplings, the branhing ratio
for harged urrent deays is 2/3 (1/2 if we inlude salar deays and mH ≪ mN).
3 General harateristis of the signal
The disovery of a new heavy neutrino in e+e− → ℓWν requires its observation as a
peak in the invariant ℓW mass distribution, otherwise the irreduible SM bakground
is overwhelming. This requires to reonstrut the W , what justies to onsider ℓWν
prodution (instead of general four fermion prodution), withW deaying hadronially.
In the evaluation of e+e− → ℓ−W+ν, with W+ → qq¯′, we will only onsider the
ontributions from the diagrams in Fig. 1, negleting diagrams with four fermions
e−qq¯′ν in the nal state but with qq¯′ not resulting from a W deay. At any rate, we
have heked that the orresponding ontributions are negligible in the phase spae
region of interest.
Let us disuss the ontributions and sizes of the dierent diagrams for e+e− →
ℓ−W+ν in Fig. 1 and what we an learn from this type of proesses at ILC. The
rst four diagrams are SM ontributions. Diagrams 5, 7−9 are present within the SM,
mediated by a light neutrino, but they an also involve a heavy one. Diagrams 6 and 10
are exlusive to Majorana neutrino exhange. The SM ontribution has a substantial
part from resonantW+W− prodution, diagrams 4 and 8, espeially for nal states with
ℓ = µ, τ . The heavy neutrino signal is dominated by diagrams 5 and 6 with N produed
on its mass shell, beause the ΓN enhanement of the amplitude partially anels the
mixing angle fator in the deay vertex, yielding the orresponding branhing ratio.
It must be remarked that the s-hannel N prodution diagram 7 is negligible (few
per mille) when ompared to the t-, u-hannel diagrams 5 and 6. This behaviour is
6
general, beause the s-hannel propagator is xed by the large ollider energy and
suppresses the ontribution of this diagram, whereas the t- and u-hannel propagators
do not have suh suppression. Sine both diagrams 5 and 6 involve an eNW vertex
to produe a heavy neutrino, only in the presene of this interation the signal is
observable. One the heavy neutrino is produed, it an deay to ℓW with ℓ = e, µ, τ ,
being the orresponding branhing ratios in the ratio |VeN |2 : |VµN |2 : |VτN |2.
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Figure 1: Diagrams ontributing to e+e− → e−W+ν. For ℓ = µ, τ only diagrams 3-8,10
ontribute.
In ase that the signal is dominated by t and u hannel on-shell N prodution (the
only situation in whih it is observable), negative eletron polarisation and positive
positron polarisation inrease its statistial signiane. For the signal ontributions
alone we have σe+
R
e−
L
: σe+
L
e−
R
= 1200 : 1 (for mN = 300 GeV, VeN = 0.073), with
σe+
R
e−
R
= σe+
L
e−
L
= 0. For the SM proess, σe+
R
e−
L
: σe+
R
e−
R
: σe+
L
e−
R
= 150 : 7 : 1,
σe+
L
e−
L
= 0. In the limit of perfet beam polarisations Pe− = −1, Pe+ = 1, the signal
is enhaned with respet to the bakground by a fator of 1.05 and, what is more
important, the ratio S/
√
B inreases by a fator of two. Using right-handed eletrons
and left-handed positrons dereases the S/B ratio by a fator of 8, and S/
√
B by a
fator of 50. On the other hand, if the neutrino does not mix with the eletron but mixes
7
with the muon or tau, the behaviour is the opposite. Sine the only ontribution omes
from diagram 7 the use of left-handed positrons and right-handed eletrons atually
inreases the signal, while reduing the SM ross setion for this proess [27℄. This ase
is of limited pratial interest, sine for VeN = 0 the signal is barely observable.
We nally point out that the signal ross setion exhibits little dependene on the
heavy neutrino mass, exept lose to the kinematial limit [13℄, and the nal results are
almost independent of mN within the range 200-400 GeV [26℄. For our alulations we
take mN = 300 GeV. In ontrast with what has been laimed in the literature [14℄, we
nd equal prodution ross setions for Dira and Majorana neutrinos to a very good
approximation. The reason is easy to understand: while in the present ase the signal
is strongly dominated by diagrams 5 and 6 (whih give equal ontributions to the ross
setion and do not interfere beause light neutrino masses an be safely negleted),
for a Dira neutrino only diagram 5 is present. On the other hand, the width of a
Dira neutrino is one half of the width of a Majorana neutrino with the same mixing
angles [26℄.
4 Generation of signals
The matrix elements for e+e− → ℓ−W+ν → ℓ−qq¯′ν are alulated using HELAS [28℄,
inluding all spin orrelations and nite width eets. We sum SM and heavy neutrino-
mediated diagrams at the amplitude level. The harge onjugate proess is inluded
in all our results unless otherwise noted. We assume a CM energy of 500 GeV, with
eletron polarisation Pe− = −0.8 and positron polarisation Pe+ = 0.6. The luminosity
is taken as 345 fb
−1
per year [29℄. In our alulations we take into aount the eets
of ISR [30℄ and beamstrahlung [31, 32℄. For the design luminosity at 500 GeV we
use the parameters Υ = 0.05, N = 1.56 [29℄. The atual expressions for ISR and
beamstrahlung used in our alulation are olleted in Ref. [33℄. We also inlude a
beam energy spread of 1%.
In nal states with τ leptons, we selet τ deays to π, ρ and a1 mesons (with a
ombined branhing fration of 55% [34℄), in whih a single ντ is produed, disarding
other hadroni and leptoni deays. We simulate the τ deay assuming that the meson
and τ momenta are ollinear (what is a good approximation for high τ energies) and
assigning a random fration x of the τ momentum to the meson, aording to the
8
probability distributions [35℄
P (x) = 2(1− x) (13)
for pions, and
P (x) =
2
2ζ3 − 4ζ2 + 1
[
(1− 2ζ2)− (1− 2ζ)x] (14)
for ρ and a1 mesons, where ζ = m
2
ρ,a1
/m2τ . We assume a τ jet tagging eieny of 50%.
We simulate the alorimeter and traking resolution of the detetor by performing a
Gaussian smearing of the energies of eletrons, muons and jets, using the speiations
in Ref. [36℄,
∆Ee
Ee
=
10%√
Ee
⊕ 1% , ∆E
µ
Eµ
= 0.02%Eµ ,
∆Ej
Ej
=
50%√
Ej
⊕ 4% , (15)
respetively, where the two terms are added in quadrature and the energies are in GeV.
We apply kinematial uts on transverse momenta, pT ≥ 10 GeV, and pseudorapidities
|η| ≤ 2.5, the latter orresponding to polar angles 10◦ ≤ θ ≤ 170◦. To ensure high τ
momenta (so that the meson resulting from its deay is eetively ollinear) we require
pT ≥ 30 GeV for τ jets. We rejet events in whih the leptons or jets are not isolated,
requiring a lego-plot separation ∆R =
√
∆η2 +∆φ2 ≥ 0.4. For the Monte Carlo
integration in 6-body phase spae we use RAMBO [37℄.
In nal states with eletrons and muons the light neutrino momentum pν is deter-
mined from the missing transverse and longitudinal momentum of the event and the
requirement that p2ν = 0 (despite ISR and beamstrahlung, the missing longitudinal
momentum approximates with a reasonable auray the original neutrino momen-
tum). In nal states with τ leptons, the reonstrution is more involved, due to the
additional neutrino from the τ deay. We determine the rst neutrino momentum
and the fration x of the τ momentum retained by the τ jet using the kinematial
onstraints
EW + Eν +
1
x
Ej =
√
s ,
~pW + ~pν +
1
x
~pj = 0 ,
p2ν = 0 , (16)
in obvious notation. These onstraints only hold if ISR and beamstrahlung are ignored,
and in the limit of perfet detetor resolution. When solving them for the generated
Monte Carlo events we sometimes obtain x > 1 or x < 0. In the rst ase we arbitrarily
set x = 1, and in the seond ase we set x = 0.55, whih is the average momentum
9
fration of the τ jets. With the proedure outlined here, the reonstruted τ momentum
reprodues with a fair auray the original one, while the obtained pν is often quite
dierent from its original value.
5 Heavy neutrino disovery at ILC
Following the disussion in Setions 2 and 3 we an distinguish two interesting senarios
for our analysis: (i) the heavy neutrino only mixes with the eletron; (ii) it mixes with
e and either µ, τ , or both. A third less interesting possibility is that the heavy neutrino
does not mix with the eletron. We disuss these three ases in turn.
5.1 Mixing only with the eletron
A heavy neutrino oupling to the eletron yields a peak in the distribution of the ejj
invariant mass mejj, plotted in Fig. 2 (a) for VeN = 0.073. The solid line orresponds
to the SM plus a 300 GeV Majorana neutrino, being the dotted line the SM predition.
The width of the peak is due to energy smearing applied in our Monte Carlo and not
to the intrinsi neutrino width ΓN = 0.14.
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Figure 2: Kinematial distributions of the ejj invariant mass (a) and the eν invariant
mass (b).
This already striking signal an be enhaned applying a veto ut on the eν invariant
mass meν , shown in Fig. 2 (b) for the SM (dashed line) and the new heavy neutrino
signal alone (solid line). The two ontributions have been separated for larity. The
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SM and SM plus heavy neutrino ross setions are olleted in Table 1, before and after
the kinematial uts
290 GeV ≤ mejj ≤ 310 GeV ,
meν ≤ 40 GeV or meν ≥ 110 GeV . (17)
No uts mejj meν mejj, meν
SM 2253 89.1 1387 53.6
SM + N 2339 173.7 1489 130.8
Table 1: Cross setions (in fb) for e+e− → e∓W±ν before and after the kinematial
uts in Eqs. (17).
The new neutrino is said to be disovered when the exess of events (the signal
S) in the peak region amounts to more than 5 standard deviations of the number of
expeted events (the bakground B), that is, S/
√
B ≥ 5. 3 This ratio is larger than 5
for VeN ≥ 1.2×10−2, whih is the minimum mixing angle for whih a 300 GeV neutrino
an be disovered. If no signal is found, the limit VeN ≤ 6.7× 10−3 an be set at 90%
ondene level (CL), improving the present limit VeN ≤ 0.073 by a fator of ten.
We have also examined the potential of the angular distributions of the produed
W±, e∓ to signal the presene of a heavy neutrino. We dene the angle ϕW as the
polar angle between the W and the eletron (in e−W+ν nal states) or positron (for
the harge onjugate proess). The angle ϕe is dened analogously. Their kinematial
distributions are shown in Fig. 3. From the omparison of these plots with Fig. 2
(a) it is apparent that the best kinematial variable to signal the presene of a heavy
neutrino is the ejj invariant mass. For these two angular distributions the deviation of
the SM predition amounts to χ2/d.o.f. ≃ 10000/25, 10500/25, respetively. Dividing
the mejj distribution in 25 bins for better omparison, the orresponding deviation is
χ2/d.o.f. ≃ 64000/25.
The quantitative results obtained here hold for heavy neutrino masses in the range
200 − 400 GeV to a very good approximation [26℄. Although for heavier N the signal
ross setions are smaller, the SM bakground dereases for larger mejj as well, as an
be seen in Fig. 2, and the two eets ompensate. For mN > 400 GeV, the ross
setions derease quikly and thus the limits obtained for the mixing angles are worse.
3
It must be noted that the SM ross setion at the peak an be alulated and normalised using
the measurements far from this region.
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Figure 3: Dependene of the ross setion on the angles ϕW (a) and ϕe (b), for the SM
and the SM plus a heavy Majorana neutrino.
5.2 Mixing with the three harged leptons
In the most general ase that a heavy neutrino mixes simultaneously with the three
harged leptons, there may be in priniple signals in the e, µ, τ hannels. The three
of them must be experimentally analysed in the searh for a heavy neutrino. As we
will show in the following, it is possible that the learest signals ome from the µ or τ
hannels, even despite the fat that an eNW oupling is neessary to observe them. To
prove it we hoose the values VeN = 0.073/
√
2, VµN = 0.098/
√
2, VτN = 0.13. These
gures are onservative in the sense that the heavy neutrino mainly deays to τ leptons,
whih are harder to see experimentally, and the leanest eletron and muon hannels
are relatively suppressed. The ross setions after the kinematial uts in Eqs. (17)
an be found in Table 2 for the SM and the SM plus a heavy neutrino, and for the
three modes (in the τ hannel we do not apply the veto ut on mτν). After one year
of running, the heavy neutrino signal ould be seen with 11σ, 24σ, 24σ in the e, µ, τ
nal states, respetively.
e µ τ
SM 53.0 31.8 9.7
SM + N 57.4 39.1 13.8
Table 2: Cross setions (in fb) for e+e− → ℓ∓W±ν, for ℓ = e, µ, τ , inluding the
kinematial uts in Eqs. (17).
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For equal ouplings VeN = VµN the statistial signiane S/
√
B of the eletron
and muon signals is similar. Therefore, mixing with the muon does not redue the
sensitivity to VeN [26℄. This follows from the fat that for a xed VeN the N prodution
ross setion is independent of VµN , while the branhing ratios in these two hannels
are in the relation |VeN |2 : |VµN |2. For VµN = 0 the harged urrent deays redue
to N → eW , while for VµN larger than VeN N → µW dominates, being the ombined
statistial signiane of both hannels similar to the one of the eletron hannel alone
for VµN = 0. The same argument shows that mixing with the tau lowers the sensitivity
to VeN , beause the observation of the heavy neutrino in the τWν hannel is more
diult.
5.3 Heavy neutrinos not oupling to the eletron
We have previously argued that a heavy neutrino signal in the µ or τ hannels is
observable only if the neutrino also mixes with the eletron. We now quantify this
statement. We onsider a heavy neutrino oupling only to the muon, with VµN = 0.098,
or only to the tau, with VτN = 0.13. The beam polarisations Pe− = 0.8, Pe+ = −0.6,
opposite to the previous ones, are used to enhane the signal and redue the SM
bakground. The ross setions for the SM and SM plus a heavy neutrino are shown
in Table 3 for these two ases. For N mixing only with the muon, the statistial
signiane of the signal is S/
√
B = 1.85 for one year of running, and 7.3 years would
be neessary to observe a 5σ deviation. If the heavy neutrino only mixes with the τ ,
the statistial signiane is only S/
√
B = 0.76, in whih ase a luminosity 43 times
larger is required to ahieve a 5σ evidene.
N − µ N − τ
SM 1.10 0.389
SM + N 1.20 0.414
Table 3: e+e− → ℓ∓W±ν ross setions (in fb) for a heavy neutrino oupling only to
the muon (rst olumn, ℓ = µ) or oupling only to the tau (seond olumn, ℓ = τ),
and the kinematial uts in Eqs. (17).
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6 Conlusions
Heavy neutrinos with masses near the eletroweak sale and large mixing angles ∼
0.1−0.01 with the SM leptons are observable at ILC if they exist. Here we have studied
the ILC potential for their detetion in the proess e+e− → ℓWν, taking into aount
the SM bakground and the eets of ISR and beamstrahlung, paying speial attention
to the relevane of the nal state lepton avour and initial beam polarisation. Using
a parton simulation it has been shown that it is possible to observe a heavy neutrino
signal in this nal state if it has a mixing with the eletron VeN & 10
−2
. Although a
mixing with the eletron of this size is neessary to observe a heavy neutrino at ILC,
the signal may be more visible in the muon or tau hannel if it also has a relatively
large oupling to them. The prodution ross setions and then the disovery limits do
not depend on the Dira or Majorana nature of the heavy neutrino.
These non-deoupled heavy neutrinos do not explain the observed light neutrino
masses nor the baryon asymmetry of the universe. In this sense this searh for heavy
neutrinos at large lepton olliders is omplementary to the joint experimental eort
for determining the light neutrino properties, and in partiular the neutrino mixing
matrix [38℄. We ould also know about non-deoupled heavy neutrinos if the MNS
matrix was found to be non-unitary or CP violation beyond the allowed limits for the
minimal SM extension with light Dira or Majorana masses was measured [39℄. (CP
violation is unobservable in e+e− → Nν → ℓWν at ILC beause the possible eets
and statistis are small.) Other signals of heavy neutrinos like pair prodution [40℄ are
suppressed by extra powers of the small mixing angles and the enter of mass energy
threshold. In models with extra matter or interations further new physis signatures
are possible [41℄. For example, in left-right symmetri models the new gauge bosons an
mediate heavy neutrino single and pair prodution [42℄, but we assume that they are
too heavy to produe a signal at ILC. At any rate, we are interested in the prodution
of heavy neutrinos having relatively large mixings with the SM fermions.
Finally, other future experiments might exhibit indiret signals of these non-deoupled
heavy neutrinos, or limit the possibility of their observation at large olliders. If no
deviation from the SM preditions for the invisible Z width is observed in the GigaZ
option of an e+e− ollider [1℄, the bound on their mixing with the light leptons will be
redued by more than one order of magnitude. Analogously, future improvements on
the limits on avour violating proesses like µ → eγ [43℄ or µ − e onversion [44℄ by
several orders of magnitude would also redue the orresponding bounds on neutrino
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mixing by more than one order of magnitude, implying a redution of the possible
signals at ILC or requiring a more deliate ne-tuning. In all ases the eventual im-
provement on mixing angle onstraints is omparable to the ILC potential.
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